Abstract. The aim of the present study was to investigate whether endoplasmic reticulum (ER) stress is involved in MG-132-induced autophagy, and to determine the effects of the inhibition of autophagy and ER stress on cell viability following MG-132 treatment. The proteasome inhibitor, MG-132, was used to induce autophagy in MCF-7 cells, and 3-methyladenine (3-MA) and salubrinal were used to inhibit autophagy and ER stress, respectively. An MTT assay was used to analyze cell viability. Apoptosis and the cell cycle were analyzed using flow cytometry. The expression levels of apoptosis-and ER stress-associated genes were investigated using western blot and reverse transcription-quantitative polymerase chain reaction analyses. MG-132 inhibited cell proliferation, and induced apoptosis and cell cycle arrest at the G 2 phase of the cell cycle. Notably, MG-132 increased the autophagy-associated conversion of microtubule-associated protein 1 light chain 3 (LC3)-I to LC3-II, which was partially attenuated by the ER stress inhibitor, salubrinal. In addition, MG-132 inhibited the protein expression of the anti-apoptotic protein, B-cell lymphoma (Bcl)-2, whereas the expression levels of Bcl-2-associated X protein and caspase-3 were upregulated. These effects were enhanced by co-treatment with either 3-MA or salubrinal. Furthermore, the mRNA and protein levels of the ER stress-associated genes, glucose-regulated protein 78, growth arrest and DNA damage induced gene-153, and caspase-12, were upregulated by MG132, and these levels were significantly inhibited by co-treatment of the cells with salubrinal. Taken together, the results of the present study indicated that the induction of autophagy by the proteasome inhibitor was associated with ER stress in the MCF-7 cells, and that the inhibition of autophagy or ER stress enhanced MG-132-induced apoptosis. These findings suggest the potential application of inhibitors of ER stress and autophagy, in combination with proteasomal inhibitors, for the development of combinatorial targeted cancer therapy.
Introduction
The ubiquitin-proteasome (UPP) and autophagy pathways are the two major pathways involved in the degradation of intracellular proteins in eukaryotic cells. The UPP pathway predominantly degrades short half-life proteins, whereas autophagy degrades long half-life proteins and organelles (1) . The proteasome pathway is key in maintaining the homeostasis of intracellular protein metabolism, thereby regulating cell cycle progression, cell differentiation and DNA damage repair (2) . Targeting the proteasome pathway is a promising strategy for cancer therapy, as evidenced by the effects of several proteasome inhibitors in preclinical and clinical trials (3) (4) (5) . However, clinical trials have demonstrated that developing resistance to proteasome-targeting drugs is a significant problem (6) .
Autophagy degrades proteins and organelles via the lysosome, which enables cells to digest their intrinsic components to obtain the energy and nutrients required to survive in adverse microenvironments (7) . Under normal physiological conditions, autophagy is limited to a base level, however, under stressful conditions, autophagy is enhanced (8) . Autophagy can be regarded as a 'double-edged sword'; sustained and excessive activation of autophagy may lead to autophagic cell death, while moderate induction of autophagy promotes cell survival (9) . Accumulating evidence has demonstrated that autophagy affects the sensitivity of tumor cells to radiotherapy, chemotherapy and immunotherapy in several types of cancer, including prostate and colon cancer, glioma and melanoma (10) (11) (12) (13) (14) . It has been previously reported that inhibiting autophagy enhances the sensitivity of tumor cells to radiotherapy (15, 16) . In addition, the activation of autophagy attenuates the cytotoxicity of anti-HER2 monoclonal antibody in breast cancer cells (17) . Furthermore, autophagy has been found to significantly improve the tolerance of hepatoma cells to chemotherapy (18) .
Previous studies have demonstrated that proteasome inhibitors not only induce apoptosis, but they also activate autophagy in tumor cells (9) . In our previous study, inhibition of the proteasome induced apoptosis and autophagy (9) . These data indicated that autophagy also contributed to the resistance of cancer cells to proteasome inhibitors. However, the underlying mechanism remains to be fully elucidated.
The endoplasmic reticulum (ER) synthesizes proteins and stores calcium, in addition to detecting and responding to alterations in the microenvironment (19) . Conditions of stress result in ER stress, which in turn triggers the unfolded protein response (20) . ER chaperones mediate ER associated protein degradation (ERAD) (21) . ERAD detects and removes misfolded proteins in the ER through the UPP and autophagy-lysosomal pathways. Studies have demonstrated that abnormal protein aggregation within the ER can activate the protein kinase RNA-like endoplasmic reticulum kinase pathway and induce eukaryotic translation initiation factor 2α (eIF2α) phosphorylation, which promotes autophagy (22) . Previous studies have shown that the treatment of cancer cells with proteasome inhibitors leads to autophagy accompanied by ER stress (23) (24) (25) (26) . Therefore, the present study hypothesized that ER stress may contribute to the induction of autophagy by proteasome inhibitors, and that the inhibition of ER stress or autophagy may sensitize cancer cells to proteasome-targeting drugs.
In the present study, MCF-7 human breast cancer cells were treated with the proteasome inhibitor, MG-132, in the presence or absence of the autophagy inhibitor, 3-methyladenine (3-MA), or the ER stress inhibitor, salubrinal. Subsequently, the effects of treatment on cell viability, apoptosis and the induction of autophagy were determined. The aim of the current study was to investigate the promoting role of autophagy inhibitor 3-MA and endoplasmic reticulum stress inhibitor salubrinal on the MCF-7 cell-growth inhibition effect of proteasome inhibitor MG-132, and to provide a theoretical basis for the future development of breast cancer treatments.
Materials and methods
Reagents. Gibco Dulbecco's modified Eagle's medium (DMEM) was purchased from Thermo Fisher Scientific, Inc. (Waltham, MA, USA); fetal bovine serum (FBS) was purchased from TBD Science (Hangzhou, China); Calbiochem MG-132 was obtained from EMD Millipore (San Diego, CA, USA) and was dissolved in phosphate-buffered saline (PBS) to a storage concentration of 20 µmol/l. 3-MA was purchased from Sigma-Aldrich (St. Louis, MO, USA) and was dissolved in PBS to a storage concentration of 100 mmol/l. Salubrinal was purchased from EMD Millipore and was dissolved in PBS to a storage concentration of 100 µmol/l. The polyclonal rabbit anti-microtubule-associated protein 1 light chain 3 (LC3; cat. no. 4108) antibody, polyclonal rabbit anti-caspase-3 (cat. no. 9662) and polyclonal rabbit anti-caspase-12 (cat. no. 2202) antibodies were purchased from Cell Signaling Technology, Inc. (Danvers, MA, USA), and the monoclonal mouse anti-B cell lymphoma-2 (BCL-2; cat. no. ab692), monoclonal mouse anti-Bcl-2-associated X protein (BAX; cat. no. ab5714), monoclonal mouse anti-glucose-regulated protein 78 (Grp-78; ab151269) and monoclonal mouse anti-GADD153 (cat. no. ab11419) antibodies were purchased from Abcam (Cambridge, MA, USA). The Cell Cycle and Apoptosis Analysis kits were obtained from Beyotime Institute of Biotechnology (cat. nos. C1052 and C1063; Shanghai, China).
Cell line and cell culture. Human MCF-7 breast cancer cells were obtained from the Gene Treatment Center of the China-Japan Union Hospital of Jilin University (Changchun, China). The MCF-7 cells were cultured in DMEM supplemented with 10% FBS, and were maintained at 37˚C and 5% CO 2 . Cells (80-90% confluence) in the mid-log phase were used in the subsequent experiments.
MTT assay to determine cell viability. The MCF-7 cells were seeded onto 96-well plates at a concentration of 1x10 5 cells/well and cultured overnight at 37˚C. The cells were divided into three groups. The first group was treated with 2.5 µmol/l MG-132; the second group was co-treated with 1.0 mmol/l 3-MA and MG-132; and the third group was co-treated with 10 µmol/l salubrinal and MG-132. All groups were treated for 12, 24 and 48 h at 37˚C. Subsequent to treatment, each group of cells was incubated with 5 mg/ml MTT for 4 h, followed by detection using an enzyme-labeling measuring instrument (Model 680; Bio-Rad Laboratories, Inc., Hercules, CA, USA) at 570 nm. Each experiment was repeated three times in triplicate.
Detection of apoptosis and cell cycle. Annexin V-fluorescein isothiocyanate (FITC) and propidium iodide (PI) (Beyotime Institute of Biotechnology, Haimen, China) were used to evaluate the rates of apoptosis of the cells. Subsequent to washing twice with PBS and adjusting the cells to a density of 5x10 5 cells/ml, one group of MCF-7 cells were fixed in 70% ethanol at 4˚C overnight, treated with 100 mg/l RNase (Beyotime Institute of Biotechnology) at 37˚C for 30 min and stained with 50 mg/l PI at 4˚C for 30 min. Another group was stained with 150 mg/l FITC at 20-25˚C for 10 min and with 50 mg/l PI at 4˚C for 30 min. Following starvation overnight at 37˚C in serum-free DMEM, the MCF-7 cells (1x10 5 cells/ml) were either treated with 2.5 µmol/l MG-132 or were co-treated with 1.0 mmol/l 3-MA or 10 µmol/l salubrinal for 48 h at 37˚C. Following treatment, the attached and floating cells were harvested with 0.25% trypsin (Amresco LLC, Solon, OH, USA), washed twice with PBS and adjusted to a density of 5x10 5 cells/ml. Flow cytometric analysis was then performed using the FACScan flow cytometer (BD Biosciences, San Jose, CA, USA), according to the manufacturer's protocol of the Cell Cycle and Apoptosis Analysis kit (Beyotime Institute of Biotechnology).
Western blotting. Protein was extracted from cells with lysis buffer (Beijing Chemicals Company Limited, Beijing, China) containing 1% Nonidet P-40, 150 mM NaCl, 50 mM Tris-HCl (pH 7.5), 1 mM NaF, 1 mM phenylmethylsulfonyl fluoride, 4 mg/ml leupeptin and 1 mg/ml aprotinin for 30 min. Proteins were quantified with Coomassie Blue staining assay using the Bradford Protein Assay kit (Beyotime Institute of Biotechnology). Proteins (50 µg; 5 µg/µl) were resolved on a 12% sodium dodecyl sulfate-polyacrylamide gel (Beijing Chemicals Company Limited) and transferred to polyvinylidene difluoride membranes (Beyotime Institute of Biotechnology) followed by blocking with 5% fat free dry milk in Tris-buffered saline with Tween 20 (TBST; Beijing Chemicals Company Limited), containing 20 mM Tris-HCl (pH 7.6), 150 mM NaCl and 0.02% Tween 20. The membranes were then incubated with the following primary antibodies in TBST containing 0.1% Tween 20 and 1% fat-free milk, at 4˚C overnight: LC3 (1:2,000); BCL-2 (1:3,000); BAX (1:500); polyclonal rabbit caspase-3 (1:1,000; cat. no. 9662; Cell Signaling Technology, Inc.); caspase-12 (1:1,000); Grp-78 (1:2,000). The membranes were then washed four times in TBST and incubated at 20-25˚C for 30 min with horseradish peroxidase-conjugated secondary antibody (1:2,000; Bio-Rad Laboratories, Inc.). Signals were developed using an ECL-Plus kit (Beyotime Institute of Biotechnology). Protein expression levels were quantified using ImageJ software (version 1.48; National Institutes of Health, Bethesda, MD, USA)
RNA extraction and reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
The MCF-7 cells were plated onto a 6-well plate at a concentration of 2x10 5 cells/well. Following 24 h incubation, the cells were treated with MG-132 (2.5 µmol/l) and co-treated with salubrinal (10 and 20 µmol/l) for an additional 24 h. Total RNA was extracted using Invitrogen TRIzol reagent (Thermo Fisher Scientific, Inc.), according to the manufacturer's protocol. Total RNA (1 µg) was reverse transcribed using a Reverse Transcription system (Select Cycler II Gradient PCR Instrument; Takara Biotechnology, Co., Ltd., Dalian, China). The single-stranded cDNA was amplified by qPCR with the BeyoRT First Strand cDNA synthesis kit (RNase H minus; D7233; Beyotime Institute of Biotechnology) using primer pairs specific for GRP-78, growth arrest and DNA damage induced gene-153 (GADD153), caspase-12 and GAPDH. The reaction mixture was in a total volume of 50 µl and contained cDNA (0.5 µg), buffer (5 µl), primers (2 µl; Genewiz Biological Technology Co., Ltd., Beijing, China), dNTP mixture (8 µl), Taq (0.5 µl) and ddH 2 O (from the BeyoRT First Strand cDNA synthesis kit). Cycling was conducted using a PX2 Thermal Cycler (Thermo Fisher Scientific, Inc.) and the qPCR conditions were as follows: 95˚C for 5 min, followed by 95˚C for 40 sec, 55˚C for 40 sec and 72˚C for 1 min for 25 cycles, and 72˚C for 10 min. The primers (GENEWIZ Biological Technology Company Limited, Jiangsu, China) used in the present study were as follows: Grp-78, forward 5'-GCAGCAGGACATCAAGTTCT-3' and reverse 5'-CGC TGG TCA AAG TCT TCTCC-3'; caspase-12, forward 5'-AAT CTG TGG GAC CAA GCAAC-3' and reverse 5'-GAG CCT TTG TAA CAG CATCA-3'; and GADD153, forward 5'-AAT GCT TGC TCT GAT AGGCG-3' and reverse 5'-CTG GAA TCT GGA GAG TGAGG-3'. The qPCR products were analyzed using a 1% agarose gel (Beijing Chemicals Company Limited, Beijing, China).
Statistical analysis. Data were analyzed using SPSS software, version 17.0 (SPSS, Inc., Chicago, IL, USA). Experiments were repeated a minimum of three times. Statistical comparisons were made using Student's t-test. P<0.05 was considered to indicate a statistically significant difference. Error bars represent the mean ± standard deviation unless otherwise stated.
Results

Inhibition of autophagy or ER stress sensitizes MCF-7 cells to MG-132.
To examine the effect of inhibiting autophagy or ER stress following inhibition of the proteasome on cell viability, the MCF-7 cells were treated with MG-132, MG-132 and 3-MA, or MG-132 and salubrinal for 12, 24 and 48 h. Cell viability was then determined using an MTT assay. Compared with the untreated control cells, MG-132 marginally inhibited cell viability. Notably, inhibition of either autophagy with 3-MA or ER stress by salubrinal enhanced the loss of cell viability by MG-132 (Fig. 1A) . Cell apoptosis was detected using annexin V-FITC and PI staining. Compared with the untreated control, MG-132 induced apoptosis (Fig. 1B and C) . Co-treatment of MG-132 with either 3-MA (Fig. 1D) or salubrinal (Fig. 1E ) resulted in enhanced cell apoptosis, compared with that in the cells treated with MG-132 alone. In addition, the percentage of MCF-7 cells in the G 2 phase was increased to 22.40, 24.80 and 25.76% by MG-132, MG-132+3-MA, and MG-132+salubrinal, respectively.
Inhibition of ER stress prevents the induction of autophagy by MG-132.
To determine the effects of MG-132, 3-MA, and salubrinal on autophagy, the protein levels of LC3, a marker of autophagy, were assessed using western blotting. LC3 has a cytosolic form (LC3-I; 18-kDa) and a lipidated form (LC3-II; 16 kDa, and the conversion of LC3-I to LC3-II indicates the induction of autophagy (27) . As shown in Fig. 2 , the expression of LC3-I was reduced, and the expression of LC3-II was increased in the MG-132-treated cells. The expression of LC3-I was increased and the conversion of LC3-I to LC3-II was reduced following the addition of 3-MA, which occurred in a dose-dependent manner. Similarly, in the cells treated with MG-132 and salubrinal (10 and 20 µmol/l), the expression of LC3-I was increased and the conversion of LC3-I to LC3-II was reduced.
Inhibition of autophagy or ER stress potentiates MG-132-induced apoptosis in MCF-7 cells.
To investigate whether MG-132-induced apoptosis can be upregulated by inhibiting autophagy or ER stress, the MCF-7 cells were treated with MG-132 in the presence or absence of 3-MA or salubrinal for 48 h, following which the protein expression levels of Bax, Bcl-2 and caspase-3 were determined. As shown in Fig. 3 , the protein expression of anti-apoptotic Bcl-2 was reduced in the MG-132-treated cells, and was downregulated further following co-treatment with 3-MA or salubrinal. The expression levels of the apoptotic proteins, Bax and caspase-3, were increased in the MG-132-treated cells, compared with the control cells, and the levels were further upregulated following co-treatment with 3-MA or salubrinal.
Salubrinal inhibits ER stress induced by MG-132.
Grp-78 and GADD153 proteins are associated with ER stress, and caspase-12 is associated with ER stress-induced apoptosis (19, 28, 29) . To determine the effect of ER stress on MCF-7 cells following treatment with MG-132, the MCF-7 cells were treated with MG-132 in the presence or absence of salubrinal for 48 h, and the mRNA and protein expression levels of Grp-78, GADD153 and caspase-12 were determined using RT-qPCR and western blotting, respectively. MG-132 markedly increased the mRNA levels of Grp-78, GADD153 and caspase-12. However, salubrinal inhibited the mRNA levels of Grp-78, GADD153 and caspase-12, in a dose-dependent manner (Fig. 4A) . As expected, MG-132 increased the protein expression levels of Grp-78, GADD153 and caspase-12, the effect of which was also eliminated by salubrinal in a dose-dependent manner (Fig. 4B) . 
Discussion
In the present study, it was demonstrated that inhibition of the proteasome by MG132 resulted in ER stress, and inhibiting autophagy and ER stress following MG-132 treatment inhibited cell viability. The inhibitory effect of 3-MA was observed to be more effective than that of salubrinal. In addition, the inhibition of ER stress prevented the induction of autophagy by MG-132, suggesting that MG-132-induced autophagy may be associated with ER stress. Notably, the inhibition of autophagy or ER stress potentiated MG-132-induced apoptosis in the MCF-7 cells. The present study demonstrated that ER stress may contribute to the induction of autophagy by proteasome inhibition, and suggested that inhibitors of ER stress and autophagy may be promising in the development of novel combinatorial targeted cancer therapies using proteasome inhibitors.
Autophagy can induce cancer cell death through an apoptosis-dependent or an apoptosis-independent cascade (30) , and can promote tumor cell survival by degrading misfolded proteins and damaged organelles (31, 32) . Previous studies have suggested that the inhibition of autophagy may lead to apoptosis of tumor cells, which is associated with the release of cytochrome c, the activation of caspase-3 and poly ADP ribose polymerase, the phosphorylation of p53 and downregulation of the anti-apoptotic Bcl-2 protein (33) (34) (35) . It was previously reported that MG-132-induced autophagy has a protective role in breast cancer cells, whereas the autophagy inhibitor, 3-MA, can enhance the cell death-inducing effect of MG-132 in MCF-7 cells (9) . In agreement, the present study found that the inhibition of autophagy sensitized the MCF-7 cells to MG-132 treatment. However, the mechanism by which inhibition of the proteasome leads to the autophagy of tumor cells remains to be fully elucidated.
ER stress is a highly conserved signal, which has been investigated in several different types of cell and tissue (36) . Mild ER stress results in an adaptive response by autophagy to avoid cell death, however, excessive ER stress can lead to cell death (37) . ER stress resulting from abnormal protein aggregation in the ER can activate the PERK pathway, which promotes the phosphorylation of eIF2α to induce the conversion of LC3-I to LC3-II (38) . The results of the present study indicated that ER stress inhibited MG-132-induced apoptosis in the MCF-7 cells. This supports the finding of a previous observation that the accumulation of misfolded proteins, resulting from inhibition of the UPP, trigger ER stress, which in turn induces autophagy (39) . Despite accumulating evidence demonstrating that inhibition of the proteasome activates ER stress, others have reoirted that excessive stress in the ER increases ATF4 translation by the PERK pathway. This results in a mitogen-activated protein kinase kinase kinase activation cascade, via the inositol-requiring enzyme 1 pathway, leading to apoptosis (19) . The results of the present study indicated that salubrinal increased apoptosis, decreased the expression of ER stress-associated protein, enhanced MG-132-induced cell death and increased the number of MCF-7 cells in the G 2 /M phase. These results indicated that salubrinal inhibited the activation of autophagy by inhibiting ER stress, thus indirectly enhancing the cell death-inducing effect of the MG-132 proteasome inhibitor.
In conclusion, the results of the present study suggested that the proteasome inhibitor, MG-132, induced autophagy via the ER stress pathway, which ultimately resulted in apoptosis of the MCF-7 cells. In addition, the inhibition of autophagy and ER stress enhanced cell death and inhibited cell proliferation. These findings may provide a theoretical basis for the application of inhibitors of ER stress and autophagy in combination with proteasome inhibitors for the development of novel combinatorial treatment strategies in targeted cancer therapy.
